Lymphocytes in direct contact with embryonic extravillous trophoblasts constitute more than 40% of decidual cells and appear to play major roles in implantation and early gestation. A unique subset of NK cells, making up 70-80% of decidual lymphocytes, express high levels of CD56 but lack CD16. We have recently demonstrated a novel class I MHC-independent inhibitory mechanism of NK cell cytotoxicity that is mediated by CEACAM1 homotypic interactions. This mechanism is used by some melanoma cells to avoid attack, mainly by CD16 -NK cells. We now demonstrate that CEACAM1 is expressed on primary extravillous trophoblasts and is upregulated on the vast majority of IL-2-activated decidual lymphocytes, including NK, T, and NKT cells. Importantly, we present evidence that CEACAM1 interactions inhibit the lysis, proliferation, and cytokine secretion of activated decidual NK, T, and NKT cells, respectively. In vivo analysis of decidual lymphocytes isolated from cytomegalovirus-infected (CMV-infected) pregnant women revealed a dramatic increase in the expression of CEACAM1. Finally, we suggest that a novel ligand for this adhesion molecule is present on the surface of CMV-infected fibroblasts. These combined results demonstrate a major role for the CEACAM1 protein in controlling local decidual immune responses.
Introduction
During embryonic implantation, the extravillous trophoblast (EVT) cells invade the uterine endometrium. At this site, a direct-contact interface forms between maternal and embryonic cells, which locally modifies the properties of the uterine mucosa. Embryonal-maternal interface together with specialized ECM constitutes the decidua basalis. Remarkably, more than 40% of decidual cells are immune cells (1) . This suggests that the maternal immune system is involved in the modulation of maternal-embryonal interactions. The decidual lymphocyte composition differs significantly from that of peripheral blood lymphocytes. More than 70% of decidual lymphocytes are CD56 bright CD16 -(FcRγIII) NK cells, while T cells constitute only 10% (2) . In contrast, only 10% of the peripheral blood lymphocytes are NK cells that are characterized by a moderate expression level of the CD56 protein and the expression of the CD16 receptor (2) . It is currently believed that decidual lymphocytes are important for control of normal trophoblastic growth, differentiation, and invasion (3) . However, their role in combating pathogens in the context of pregnancy is only poorly understood.
The gentle balance between immune tolerance and immune activation that might lead to the rejection of the embryo by the decidual lymphocytes is maintained via several mechanisms, involving both decidual lymphocytes and EVTs. EVT invasion might be controlled by the modulation of the local cytokine profile (4) , and therefore the cytokine release of decidual lymphocytes must be tightly regulated. The killing activity of both NK cells and CTLs, belonging to the innate and adaptive branches of the immune system, respectively, is regulated by the class I MHC proteins. While the recognition of the class I MHC proteins by the T cell receptors (TCRs) of CTLs activates T cell-mediated killing, the interactions between NK cells and the same proteins suppress NK cell cytotoxicity. It was reported that EVTs express an unusual combination of two nonclassical class I MHC proteins, the HLA-E (5) and HLA-G (6), along with the classical HLA-C protein (7) , but that they do not express the HLA-A and HLA-B proteins (7) . As most of the CTLs are directed against HLA-A and -B proteins, this unique pattern of expression of class I MHC proteins probably prevents rejection of the semiallogeneic fetus by CTLs. The HIV virus uses a similar mechanism of specific downregulation of HLA-A and -B proteins, mediated by the Nef protein, to avoid attack by CTL (8) .
NK cells compose the vast majority of decidual lymphocytes that are in contact with EVTs. The fetus is protected from rejection by maternal NK cells for several reasons. First, decidual NK cell inhibition appears skewed toward HLA-C recognition, compared with peripheral blood NK cells. Fifty to eighty percent of decidual NK cells are inhibited by HLA-C, compared with only 5-20% of the peripheral blood NK cells (9) . Second, virtually all decidual NK cells express the HLA-E-binding inhibitory receptor complex CD94/NKG2A five times more than do peripheral blood NK cells (9) . Furthermore, the HLA-E protein, which is expressed on cell surface upon binding of peptides derived from the leader sequence of various class I MHC proteins, binds, with the greatest affinity, the leader peptides of HLA-G and HLA-C proteins (10) , which are both expressed on the EVT cells (7) . Third, all decidual NK cells express the inhibitory LIR1 (ILT2) or KIR2DL4 receptors (11), both of which are able to interact with the HLA-G proteins (11) . Fourth, decidual NK cells have decreased killing activity against class I MHC-negative target cells (12) . This wide spectrum of mechanisms aimed at controlling the cytolytic function of decidual NK cells further demonstrates the importance of these cells in the rejection of allogeneic transplants. It also implies that other mechanisms with the ability to control the function of decidual lymphocytes might exist.
The CEACAM1 protein, a member of the CEACAM family, is expressed on a broad spectrum of cells (13) . It belongs to the Ig superfamily and interacts in both a homotypic manner and a heterotypic manner with other variants of the CEACAM family, including the CEACAM6 and CEACAM5 proteins (14) . Recently, we showed that the CEACAM1 homotypic interactions between NK cells and various target cells inhibit NK cytotoxicity (15) . This novel class I MHC-independent mechanism is used mainly by CD16 -NK cells and might play an important role in the development of various pathologies, such as melanoma (15) .
In this study we show that CEACAM1 is expressed by EVTs as well as by the majority of IL-2-activated decidual lymphocyte subsets. The engagement of the CEA-CAM1 protein leads to the inhibition of NK killing, T cell proliferation, and IFN-γ secretion by NKT cells. The in vivo upregulation of the CEACAM1 protein on the majority of decidual lymphocytes might have an important role in controlling local immune response. This was demonstrated by the analysis of decidual lymphocyte subsets obtained from decidua of cytomegalovirusinfected (CMV-infected) women, which revealed a dramatic upregulation of surface CEACAM1 expression. In addition, we provide evidence that CEACAM1 binds and functionally interacts with an unidentified molecule present on human primary fibroblasts infected with the laboratory AD169 CMV strain or with a clinical CMV strain isolated from infected decidua. These combined results demonstrate a major role for the CEACAM1 protein in controlling local decidual immune responses.
Methods

Cells, transfections, virus propagation, and antiviral agent.
The cell lines used in this work were the class I MHC-negative Epstein-Barr virus-transformed B cell line 721.221 (.221), .221 cells transfected with the CEA-CAM1 cDNA (15) , and the murine thymoma BW cell line, which lacks expression of α and β chains of the TCR. Stable transfection of .221 cells expressing CEA-CAM6 and CEACAM5 was performed by electroporation (0.23 kV, Cap [µF] 250 µF). The cDNA for CEA-CAM6 was amplified by RT-PCR and cloned into pcDNA3 expression vector, and the CEACAM5 cDNA was a kind gift from W. Zimmermann, Ludwig-Maximilians-University, Muenchen, Germany) Human foreskin fibroblasts (HFFs) were used for propagation and infection of human CMV strain AD169 (American Type Culture Collection, Manassas, Virginia, USA), as previously described (16) . After a 1-hour period of virus adsorption to cells, 300 µg/ml of the CMV DNA polymerase inhibitor phosphonoformate (PFA; SigmaAldrich, St. Louis, Missouri, USA) was added for inhibition of virus replication.
Primary CMV infection, definition of congenital CMV infection, and termination of pregnancy. Primary CMV infection during pregnancy was diagnosed by documentation of maternal seroconversion, with appearance of CMV antibodies during pregnancy in women known to be CMVseronegative before gestation. Diagnosis of CMV fetal infection was based on viral isolation (by shell viral culture and conventional culture) from amniotic fluid obtained at the 22nd week of gestation, along with PCR detection of viral DNA in the amniotic fluid. Congenital disease could be predicted by the presence of characteristic ultrasonographic findings including cerebral calcifications and microcephaly. Decision to terminate pregnancy was based on documentation of fetal infection and disease. Deciduae from first-trimester elective terminations were obtained by scraping.
Antibodies. The mAb's used in this work were FITCconjugated Kat4c mAb directed against CEACAM1, -5, and -6 (DAKO, Glostrup, Denmark), phycoerythrinconjugated anti-CD56 mAb (BD Pharmingen, San Diego, California, USA), CyChrome-conjugated anti-CD3 mAb (BD Pharmingen), and biotinylated anti-CD16 mAb (Serotec, Oxford, United Kingdom), followed by Cy5-streptavidin (Jackson ImmunoResearch Laboratories Inc., West Grove, Pennsylvania, USA). The anti-CD4 mAb (DAKO), anti-V β 3 (BD Pharmingen), anti-V β 17 (BD Pharmingen), and the anti-CEACAM1 5F4 (17) mAb were also used. For blocking assays, rabbit polyclonal anti-CEACAM1, -5, and -6 (DAKO) antibodies and the control rabbit polyclonal antibodies against purified ubiquitin were used. The following anti-IFN-γ mAb's were purchased from BD Pharmingen: mAb B27, used for measuring intracellular IFN-γ production; and biotinylated mAb 4S.B3 (detection) and purified mAb HIB42 (capture), both used in the ELISA assays. The production of mouse IL-2 from BW/CEACAM1ζ-transfected cells was detected by ELISA using purified anti-mouse IL-2 mAb JES6-1A12 (capture) and biotinylated anti-mouse IL-2 mAb JES6-5H4 (detection) (both from BD Pharmingen). ELISA assays were performed according the manufacturer's instructions (BD Pharmingen).
Isolation of decidual lymphocytes. The Hadassah Medical Organization Institutional Board approved obtaining deciduae from elective pregnancy-termination procedures, from induced labors, and from caesarian sections, in keeping with the principles of the Helsinki Declaration. The tissue was trimmed into 1-mm pieces and enzymatically digested for 20 minutes, using vigorous shaking, with 1.5 mg type I DNase and 24 mg type IV collagenase present in 15 ml of RPMI-1640 medium. This procedure was repeated three times. After an additional 5 minutes' incubation at room temperature without shaking, the supernatants were collected and incubated overnight in a tissue culture dish. Nonadherent cells were collected and loaded on Ficoll density gradient to purify the lymphocyte population. Cells were further analyzed by flow cytometry. NK and NKT cells were purified using anti-CD56 mAb followed by incubation with microbeads of conjugated goat anti-mouse IgG antibodies (Miltenyi Biotec Inc., Auburn, California, USA). Separation was performed with the AutoMACS instrument (Miltenyi Biotec Inc.). Positive (NK and NKT cells) and negative (T cells) fractions were collected and cloned (one cell per well) in the presence of IL-2.
Quadruple staining. For quadruple staining, the following fluorochrome-conjugated mAb's were used: FITCconjugated anti-CEACAM Kat4c mAb (DAKO), phycoerythrin-conjugated anti-CD56 mAb (BD Pharmingen), and CyChrome-conjugated anti-CD3 mAb (BD Pharmingen). As the fourth color, biotinylated anti-CD16 mAb (Serotec) was used, followed by Cy5-streptavidin (Jackson ImmunoResearch Laboratories Inc.) as a second reagent. To block nonspecific binding, cells were first incubated for 1 hour on ice with 25% human serum, and then incubated with the various antibodies.
Cytotoxicity assays. The cytotoxic activity of NK cells against the various targets was assayed in 5-hour 35 Srelease assays, as described previously (15, 18) . Briefly, cells were labeled overnight with 35 S-methionine and washed, and 5 × 10 3 labeled target cells were incubated at various effector-to-target ratios. The killing rate was calculated as percent 35 S-methionine release = (cpm sample -cpm spontaneous release)/(cpm total -cpm spontaneous release) × 100. Total 35 S-methionine release was measured after incubation of the cells with 0.1 M NaOH. In all presented cytotoxic assays, the spontaneous release was less than 25% of maximal release. In experiments where mAb's were included, the final mAb concentration was 10 µg/ml, or 40 µl/ml in those cases where rabbit polyclonal antibodies were used.
Staphylococcal enterotoxin B-induced T cell proliferation. These assays were performed as previously described (18) . Briefly, target .221 and .221/CEACAM1 cells were irradiated (60 Gy). Thereafter, 50,000 T cells, 25,000 target cells, and various concentrations of superantigen were mixed in a total volume of 200 µl of RPMI-10% FCS in each well of a 96-well plate. After incubation at 37°C and 5% CO 2 for 2 days, 1 µCi of 3 H-thymidine was added to each well and the cells were further incubated at 37°C overnight. The cells were then harvested and counted on a liquid scintillation counter (1450 MicroBeta PLUS; Wallac, Turku, Finland). In analysis of the cpm from each well, the background cpm from wells in which identical reagents and target cells were placed in the absence of any T cells was subtracted.
Generation of Ig fusion proteins. The extracellular portion of the CEACAM1 protein was amplified by PCR using the following primers: 5′-CCCAAGCTTGGGGCCGCCAC-CATGGGGCACCTCTCAGCC (including HindIII restriction site) and 3′-GCGGATCCCCAGGTGAGAGGC (including BamHI restriction site). A silent mutation, adenine 885 guanidine (no change in glycine 281), was performed by site-directed mutagenesis to cancel the BamHI site in the amplified sequence. The generation, production, and staining procedures of the Ig fusion proteins were previously described (19, 20) . Briefly, the PCR-generated fragments were cloned into a mammalian expression vector containing the Fc portion of human IgG1 (a kind gift from B. Seed, Massachusetts General Hospital, Department of Molecular Biology, Boston, Massachusetts, USA). Sequencing of the constructs revealed that all cDNAs were in frame with the human Fc genomic DNA and were identical to the reported sequences. COS-7 cells were transiently transfected with the plasmids containing cDNAs using FuGENE6 reagent (Roche Molecular Biochemicals, Indianapolis, Indiana, USA) according to the manufacturer's instructions, and supernatants were collected and purified on a protein G column. SDS-PAGE analysis revealed that all Ig fusion proteins were approximately 95% pure and of the proper molecular mass. To assay for the CEACAM binding, various cells were incubated with 50 µg/ml of fusion protein for 2 hours on ice. The cells were washed and incubated with Fc fragment-specific (minimal cross-reaction to bovine, horse, and mouse serum proteins), phycoerythrin-conjugated affinity-purified F(ab′)2 fragment of goat anti-human IgG (Jackson ImmunoResearch Laboratories Inc.). Incubation was performed for 1 hour and analyzed by flow cytometry with a FACScan (Becton Dickinson Immunocytometry Systems, San Jose, California, USA).
Generation of BW cells expressing the chimeric CEACAM1ζ protein and the production of IL-2.
The extracellular portion of the human CEACAM1 protein was amplified by PCR using the following primers: 5′-CCCAAG-CTTGGGGCCGCC ACC ATGGGGC ACCTCTC AGCC (including HindIII restriction site) and 3′-GTAGCAGA-GAGGTGAGAGGCCATTTTCTTG (including first nine nucleotides of mouse ζ chain transmembrane portion). The mouse ζ chain was amplified by PCR using the following primers: 5′-CTCTCACCTCTCTGCTAC-TTGCTAGATGGA (including last nine nucleotides of human CEACAM1 extracellular portion) and 3′-GGAATTCCTTAGCGAGGGGCCAGGGTCTG (including EcoRI restriction site). The two amplified fragments were mixed, and PCR was performed with the 5′ HindIII primer and the 3′ EcoRI primer for the gener-ation of the CEACAM1ζ construct. The CEACAM1ζ construct was cloned into pcDNA3 expression vector (Invitrogen Corp., Carlsbad, California, USA) and stably transfected into BW cells. For measurement of IL-2 production resulting from the homotypic CEA-CAM1 interactions, 50,000 BW or BW-transfected cells were incubated in RPMI-10% FCS medium for 48 hours at 37°C and 5% CO 2 . Supernatants were collected and the presence of IL-2 was monitored by using anti-IL-2 mAb and standard ELISA assays (BD Pharmingen). For measurement of IL-2 production resulting from the CEACAM1 interactions of different cell types, 50,000 BW or BW-transfected cells were incubated in RPMI-10% FCS with irradiated .221 or with .221/CEACAM1 cells for 24 hours or with CMVinfected HFF cells for 48 hours at 37°C and 5% CO 2 . The presence of mouse IL-2 in cell supernatants was measured as above.
Cross-linking of NKT cells. NKT cells (10 5 per well) were incubated with or without 0.5 µg of Kat4c mAb on ice for 1.5 hours in 96 round bottom microplates (Nalge Nunc, Rochester, New York, USA). Treated NKT cells, present in 200 µl of IL-2-containing medium, were then cultured in 96 flat bottom microplates (Nalge Nunc) precoated with 1 µg/well of sheep antimouse IgG antibodies (ICN Biomedicals Inc., Costa Mesa, California, USA) for 24 hours at 37°C. Cells were then analyzed by FACS.
Permeabilization and intracellular IFN-γ staining. The permeabilization and intracellular IFN-γ staining were performed using the Cytofix/Cytoperm Plus (with GolgiStop) kit (BD Pharmingen) according to the manufacturer's instruction.
Results
CEACAM1 is expressed on different decidual lymphocytes after activation.
To test the possible role of CEACAM1 in controlling decidual lymphocyte functions, we isolated decidual lymphocytes from first-trimester elective pregnancy terminations as described in Methods. Obtained tissues were identified as decidua by histologic analysis. Lymphocytes were isolated from nine different deciduae and quadruple-stained using flow cytometry for the expression of CD3, CD16, CD56, and
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The CEACAM. In agreement with previous observations (2), the total decidual lymphocyte population contained mainly CD16 -NK cells (70-80%, characterized by CD3 -CD56 bright ; data not shown), but T (characterized by CD3 + CD56 -) and NKT (characterized by CD3 + CD56 + ) cells were also identified (5.3% and 3.2%, respectively; data not shown). Little or no staining for the CEA-CAM1 protein was observed among all decidual lymphocyte populations tested (Figure 1 , a-c).
Various lymphocytes were cloned (see Methods) and cultured for 3 weeks in the presence of IL-2 (50 U/ml). Remarkably, staining with the 5F4 anti-CEACAM1 mAb (see Figure 2 ) revealed a dramatic increase in the CEACAM1 protein expression on the surface of the vast majority of NK, T, and NKT cell clones tested (85%, 86%, and 95%, respectively; surface expression of CEA-CAM1 on representative clones is shown in Figure 1 , d-f, and data not shown). This is in marked contrast to NK cells derived from peripheral blood, in which surface CEACAM1 expression could be detected on only 2-3% of IL-2-activated CD16 + NK clones and on about 45% of the IL-2-activated CD16 -clones (15, 21) . Notably, the expression levels of the CEACAM1 on the surface of all tested clones were more than threefold above background (data not shown). This level of expression was reported to be sufficient for effective inhibition of NK cytotoxicity (15) .
As the CEACAM1 protein interacts homotypically with other CEACAM1 proteins (15, 22, 23) 
EVT cells were obtained from the same elective pregnancy terminations from which decidual lymphocytes were isolated and were tested for the expression of HLA-G and CEACAM1. As the expression of HLA-G is restricted to EVT cells only (6) , isolated cells were identified as EVT cells by using specific staining with the anti-HLA-G specific mAb MEM-G/13B. The mAb MEM-G/13B specifically stains the class I MHC-negative .221 cells transfected with HLA-G; it did not stain .221 cells transfected with other class I MHC cDNA (data not shown). FACS staining analysis of isolated EVT cells showed that these cells express the HLA-G (Figure 1g ) and the CEACAM1 (Figure 1h) proteins. These findings suggest that CEACAM1 might mediate direct interactions between activated decidual lymphocytes and EVTs and thus might display a novel control mechanism protecting the embryo from sustaining damage.
CEACAM1 interactions inhibit decidual NK cytotoxicity. We have previously demonstrated that the CEACAM1- mediated inhibition of NK cells can be blocked by using rabbit polyclonal anti-CEACAM antibodies and not by the mAb 5F4 or the mAb Kat4c (15) . It was previously reported that the CEACAM1 protein interacts with other CEACAM proteins, such as CEACAM5 and CEACAM6, and that the binding site of CEACAM1 was located at the N-terminal Ig-V-type domain of the CEACAM1 protein (23) . The N-terminal Ig-V-type domain of the CEACAM family reveals 70-90% sequence similarity among the different variants. It was therefore important to determine the specificity of all anti-CEACAM1 antibodies used in this work. We transfected .221 cells with CEACAM1 (15), CEACAM6, and CEACAM5 and stained them for surface expression using the various anti-CEACAM antibodies. Figure 2 shows that all anti-CEACAM antibodies specifically recognized members of the CEACAM family. This is because no staining was observed on either nontransfected .221 cells or the control HLA-B27-transfected .221 cells. The 5F4 mAb recognized the CEACAM1 protein only, whereas the Kat4c mAb and the rabbit polyclonal antibodies directed against CEACAM recognized CEACAM1, CEACAM6, and CEACAM5 proteins (Figure 2) .
To investigate whether the CEACAM1 protein is functional, IL-2-activated decidual NK clones, expressing the CEACAM1 protein (a representative clone is shown in Figure 3a) , were tested in killing assays against .221 cells and .221 cells transfected with CEACAM1 (.221/CEACAM1). The generation of these transfectants was described previously (15) . The CEACAM1 + NK clones effectively killed .221 cells, whereas inhibition of lysis was observed when .221/CEACAM1 cells were used (Figure 3b ). The inhibition of NK killing by .221/CEACAM1 cells was the result of the CEACAM1 homotypic interactions, as lysis of .221/CEACAM1 cells was restored when rabbit anti-human CEACAM antibodies were included in the assay. The addition of a control rabbit serum derived from ubiquitin-immunized rabbit had no effect (data not shown). No difference in the lysis of .221 or .221/CEACAM1 cells was observed when CEACAM1 -NK clones were used (data not shown). In agreement with a previous report (12) , most decidual NK clones displayed only limited cytotoxicity against the .221 target cells (10-20% lysis; data not shown). Importantly, the killing of .221/CEACAM1 cells by "low killer" decidual NK clones was also decreased because of the homotypic CEACAM1 interactions, and the addition of anti-CEACAM polyclonal antibodies restored lysis (data not shown).
CEACAM1 interactions inhibit staphylococcal enterotoxin B-induced decidual T cell proliferation.
As the expression of CEACAM1 protein was also demonstrated on the vast majority of T lymphocytes activated by IL-2, we also tested the effect of CEACAM1 interactions on T cell proliferation. Superantigens can induce T cell proliferation by binding to class II MHC proteins and specific TCR V β chains. The staphylococcal enterotoxin B (SEB) superantigen interacts with various TCR V β chains, including V β 3 and V β 17. Decidual T cell clones were obtained as described in Methods and screened by flow cytometry for the expression of CD4, V β 3, and V β 17 by using specific mAb's. A representative T cell clone, no. 1, stained brightly for both CD4 and V β 17 ( Figure 4, a and b) , and moderately for CEACAM1 (Figure 4c ). The SEB-induced proliferation of this T cell clone was assayed as described in Methods. A dramatic increase in the T cell proliferation was observed when cells were incubated with .221 cells in the presence of 250 ng/ml of SEB (50-fold above the background proliferation without SEB; data not shown).
Efficient inhibition of the T cell proliferation (around
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The 50%) was observed in all SEB concentrations tested when cloned T cells were incubated with .221/CEA-CAM1 cells (Figure 4d ). The expression levels of the class II MHC proteins were similar on both .221 and .221/CEACAM1 cells (data not shown). (24) . NKT cells that are present among the decidual lymphocyte population (see Figure 1 ) are able to produce large amount of cytokines. The functional effect of CEACAM1 interactions on cytokine secretion of decidual NKT cells has never been investigated. Decidual NKT clones were cultured as described in Methods and screened for CEACAM1 expression by flow cytometry, using the anti-CEACAM1 5F4 mAb (a representative NKT cell clone, no. 3, is shown in Figure 5a ). NKT clone 3 spontaneously secreted IFN-γ into the media, as measured by ELISA (Figure 5b) . Other cytokines such as IL-4, IL-5, IL-13, TNF, and macrophage inflammatory protein-1α could not be detected in culture supernatant of this clone (data not shown). Cross-linking of CEACAM1 for 24 hours with the Kat4c mAb dramatically decreased the amount of IFN-γ detected in the medium of this NKT cell clone (Figure 5b) . In order to determine whether the inhibitory effect observed after cross-linking of CEACAM1 on NKT cells is the result of decreased secretion or decreased production of IFN-γ, we stained for the presence of intracellular IFN-γ, before and after cross-linking of CEACAM1, as described in Methods. Untreated NKT cells showed little staining for intracellular IFN-γ (median fluorescence intensity twofold above background; Figure 5c ). After cross-linking with the Kat4c mAb, the staining for intracellular IFN-γ increased significantly (median fluorescence intensity 4.5-fold above background; Figure 5d ). These findings therefore suggest that CEACAM1 engagement on NKT cells suppresses the cytokine secretion machinery and not de novo synthesis. In vivo upregulation of CEACAM1 on decidual lymphocytes. The above observations suggest a major role for the CEACAM1 protein in the regulation of decidual lymphocyte functions after IL-2 activation. In vivo activation of decidual lymphocytes might occur as a result of viral infection. CMV is the leading cause of congenital viral infections in Western countries (25, 26) . We therefore tested whether CEACAM1 expression could be detected on the surface of lymphocytes obtained from deciduae of women who had primary CMV infection during gestation with documented intrauterine manifestations. Second and third-trimester pregnancy terminations of women diagnosed with primary CMV infection necessitate the administration of labor-promoting agents that might have some immunological effects. To control the experiment, we analyzed the expression of CEACAM1 protein on the surface of lymphocytes obtained either from third-trimester caesarian sections with labor (Table 1) or from the deciduae taken from caesarian sections without labor (Table 1) . Decidual lymphocytes were obtained and stained for the presence of CEACAM1 on NK, NKT, and T cells as above. Only very limited numbers of NKT cells were isolated, and therefore the expression of CEACAM1 on NKT cells could not be determined. Remarkably, a significant elevation of CEACAM1 expression was observed in NK and T cells obtained from deciduae of CMV-infected women, whereas little or no expression of CEACAM1 was observed in the two control groups (Table 1) . CEACAM1 expression can vary significantly between different CMV-infected deciduae. In one patient, 90% and 95% of the NK and T cells, respectively, expressed the CEACAM1 protein, whereas in the second patient the expression of the CEACAM1 protein was limited to 10% and 10.2% of NK and T cells, respectively. However, the expression of the CEACAM1 protein, even in the second patient, was still very significant compared with that of the control groups, and it was similar to the expression level of other class I MHC inhibitory receptors, which vary between 5% and 20% (9) . There are several possible reasons for the differences in the level of CEACAM1 expression, such as subjective local immune response, course of CMV infection, and the time of pregnancy termination after the initiation of infection. The mild expression of the CEACAM1 protein on trophoblasts obtained from normal decidua (Figure 1h ) was still maintained on trophoblasts obtained from infected decidua (data not shown).
CEACAM1 interactions inhibit secretion of cytokines from decidual NKT cells. Cytokines might play an important role in fetus development
CMV-infected fibroblasts express a novel ligand for CEA-CAM1. The results presented above demonstrate that CEACAM1 expression is upregulated in vivo in lymphocytes obtained from CMV-infected deciduae. Expression of CEACAM1 was observed on EVT cells obtained from either normal or CMV-infected deciduae ( Figure 1 and data not shown). Thus, CEACAM1 homotypic interactions might be expected to occur in vivo, leading to lymphocyte inhibition.
Only two cases of CMV-infected deciduae are presented here, as studies in vivo are limited for several reasons. In addition to the fact that primary CMV infection during pregnancy is quite rare (26) , the detection and diagnosis are quite difficult. Furthermore, deciduae from CMV-infected women were used only if they spontaneously detached, to avoid unnecessary additional procedures. It is clear, however, that in both presented cases, a significant CEACAM1 upregulation was observed. To further establish the effect of CMV infection with regard to CEACAM1 inhibition and to test whether the CMV uses the CEACAM1 inhibitory mechanism to avoid attack by the immune system, we used the CMV-infected HFFs. HFF cells were infected with CMV strain AD169 with moi 2-3. Importantly, no staining of either infected or uninfected HFF cells with anti-CEACAM1, -5, and -6 Kat4c mAb was observed at any time point before or after the infection. Infected cells were harvested at different time points at 24-hour intervals after the infection and stained for the presence of CEACAM1 ligand using CEACAM1-Ig fusion protein, as described in Methods.
The CEACAM1-Ig fusion protein specifically stained the .221/CEACAM1 cells and did not stain the .221 cells (Figure 6a ), indicating that CEACAM1 homotypic interactions are strong enough to be detected by this method. No staining of CEACAM1-Ig was observed in the first 4 days after the infection (Figure 6b and data not shown). Importantly, CEACAM1-Ig staining was observed starting on day 5 and reaching maximum on day 6 after the infection. All infected cells were positively stained with anti-pp65 mAb (data not shown). shown). No changes in the level of the control CD99-Ig fusion protein staining were observed at any time point ( Figure 6b ). As CEACAM1 can interact only with the CEACAM1, -5, and -6 variants (14), and as it was also reported that CEACAM variants cannot be detected on the surface of human fibroblasts (27) , these results strongly suggest the existence of a novel ligand for CEACAM1 on the surface of CMV-infected HFF cells.
This novel ligand appears late after the infection. To further test this hypothesis, we performed similar experiments in the presence of the antiviral agent PFA, which is known to block viral DNA synthesis and earlylate-phase transition. Progeny virus titers in culture supernatants were determined on day 4 after infection by a standard plaque titration assay on HFFs. In the absence of PFA, virus titer was 3 × 10 6 plaque-forming units/ml, whereas in the presence of PFA no virus could be detected. In agreement with the above observations demonstrating the appearance of CEACAM1 ligand on the surface of CMV-infected HFFs, the addition of PFA completely abolished the binding of CEACAM1-Ig to the infected HFF cells (Figure 6b ). We next tested whether the CEACAM1 interactions with the CMV-infected HFFs are functional. Mouse BW cells were stably transfected with a chimeric molecule composed of the extracellular portion of CEACAM1 fused to mouse ζ chain (as described in Methods). Engagement of CEACAM1 leads to the secretion of mouse IL-2, mediated by the ζ chain. The IL-2 amounts in the cell supernatants can be measured by ELISA. Secretion of IL-2 could be detected in the culture supernatants of the BW cells transfected with CEACAM1ζ, but not in the culture supernatants of the BW cells or BW cells transfected with CD16ζ (Figure 7a ). Moreover, IL-2 secretion was also detected in the supernatants of BW/CEACAM1ζ cells when cells were incubated with .221/CEACAM1 cells, but not with they were incubated with .221 cells (Figure 7b) . Thus, homotypic CEA-CAM1 interactions are strong enough to induce IL-2 secretion in this system. In agreement with the CEA-CAM1-Ig staining data, efficient secretion of IL-2 was observed (on days 5 and 6 after the infection) in the supernatants of BW/CEACAM1ζ cells cultured with infected HFFs. This IL-2 secretion was blocked by the addition of PFA (Figure 7c) . No IL-2 secretion was observed in the culture supernatants of BW/CD16ζ cells incubated with uninfected or infected HFF cells (data not shown).
To further substantiate the above results, we cultured the clinical CMV strain isolated from the infected decidua (patient 6; Table 1 ) with infected HFF cells. The propagation of the virus was much slower than that of the laboratory AD169 strain (data not shown). Consistent microscopic monitoring of infected HFF cells revealed that even after prolonged propagation time, only partial infection could be achieved. One month after initiation of infection, infected HFF cells were analyzed for recognition by CEACAM1. HFF cells were stained with Ig-fused proteins, including CEACAM1-Ig and the control CD99-Ig. No staining of uninfected HFF cells was observed (data not shown). Specific staining of the infected HFF cells could be observed with the CEACAM1-Ig but not with the CD99-Ig (20% and 2% staining, respectively; Figure 8a ). No staining was observed when anti-CEACAM antibodies were used (data not shown), indicating that CEACAM1-Ig recognizes a novel CMV-induced ligand on infected HFFs. We also tested whether this recognition is capable of eliciting IL-2 secretion from BW/CEACAM1ζ cells. IL-2 levels were measured in the supernatants of BW or BW/CEACAM1ζ cells cocultured with HFF cells infected with the clinical CMV strain isolated from patient 6. In agreement with the CEACAM1-Ig staining, increased IL-2 secretion could be detected only in the supernatants of the BW/CEACAM1ζ cells coincubated with infected HFF cells (Figure 8b) . The moderate elevation of IL-2 secretion and the partial staining of CEACAM1-Ig ( Figure 8 , a and b) are correlated with the low infection levels of this clinical CMV strain observed in vitro, and with the moderate percentages of CEACAM1 + lymphocytes isolated from infected decidua no. 2 (patient 6; Table 1 ). Similar results were obtained with another clinical CMV strain, isolated from a neonate's urine (data not shown).
These combined results show a major role for the CEACAM1 protein in the inhibition of decidual lymphocyte functions after activation and suggest that the CMV virus might have developed a unique mechanism, mediated via the CEACAM1 protein interactions with an unknown ligand, to avoid decidual immune cell attack.
Discussion
The presence of a semiallogeneic fetus in the maternal uterus presents a major problem to the immune system. This is emphasized by observations demonstrating that more than 40% of decidual cells are immune cells (1) . One of the ways in which the immune system deals with the problem is the unique distribution of decidual lymphocytes. More than 70% of decidual lymphocytes are CD16 -NK cells, in contrast to only about 1% CD16 -NK cells in peripheral blood lymphocytes, whereas T cells constitute only 10% of decidual cells. The fact that NK cells are so highly represented in the decidua suggests that they might play an important role in controlling trophoblast invasion and preventing rejection (3). T cells are probably strictly controlled, as only a minor fraction of decidual lymphocytes are T cells and thus cytokine secretion or T cell proliferation is expected to be minimal under normal conditions.
The lytic function of the decidual NK cells, the major subset of decidual lymphocyte population, must be tightly controlled. This is achieved by several mechanisms, including low lytic ability (12) , unique receptor repertoire (9, 11) , and the presence of ligands such as HLA-G, -C, and -E, on EVT cells, interacting with inhibitory receptors on NK cells (5-7) . However, if local bacterial (28) or viral (29) infection occurs, it may lead to decidual lymphocyte activation. This might result in changes in the composition, cytotoxicity, and cytokine profile (30) of decidual lymphocytes that might eventually damage fetal tissue (31) . A gentle immunological balance thus has to be maintained in the decidua, where immunological activity operates to properly eliminate a pathogen without damaging the fetus. Therefore, there must be mechanisms to control the different functions of activated decidual lymphocytes. The results presented here demonstrate a novel inhibitory mechanism of activated decidual lymphocytes that is mediated by the CEACAM1 protein interactions. Here, we show that the CEACAM1 protein, expressed on virtually all IL-2-activated decidual lymphocytes, can inhibit the killing, proliferation, and cytokine secretion of IL-2-activated NK, CD4 + T, and NKT cells, respectively. The expression of CEACAM1 on the surface of activated decidual lymphocytes was observed using the 5F4 mAb ( Figure 1 ). This mAb specifically recognizes CEACAM1 but not CEACAM5 or CEACAM6 (Figure 2 ). In addition, RT-PCR analysis performed on activated decidual lymphocytes showed expression of CEACAM1 only (data not shown). It is still possible that other members of the CEACAM family are expressed on the surface of activated decidual lymphocytes. However, it is very unlikely that members other than CEACAM1 are involved in decidual lymphocyte inhibition, as the inhibitory signal is transmitted via the immunoreceptor tyrosine-based inhibitory motif sequences (15) , which are only found in the CEACAM1 protein. The CEACAM1 interactions might, therefore, play a pivotal role in cases of lymphocyte activation. Normally, EVT cells constitutively express the CEACAM1 protein on their surface. Once activated, the vast majority of the decidual lymphocytes also express the CEA-CAM1 protein. We therefore hypothesize that the CEACAM1 interactions serve as a general inhibitory mechanism of various populations of activated decidual lymphocytes. The inhibition of lymphocyte function might occur via homotypic interactions with other CEACAM1 molecules present on EVT cells or on neighboring lymphocytes.
Importantly, we show in vivo that lymphocytes isolated from the deciduae of CMV-infected patients express the CEACAM1 protein in increased levels. This upregulation probably serves as a self-defense mechanism of the maternal immune system to avoid fetal damage. The mechanism of the observed CEACAM1 upregulation on the surface of lymphocytes derived from CMV-infected deciduae is yet unknown.
We have recently demonstrated that efficient CEA-CAM1-mediated inhibition of NK cell cytotoxicity is dependent on the expression level of CEACAM1 protein on both NK and target cells (15) . Here we suggest that an unidentified ligand present on the surface of CMVinfected HFFs is capable of interacting with the CEA-CAM1 protein. The CEACAM1 protein is expressed on the surface of trophoblast cells derived from CMVinfected decidua (data not shown), and it was also previously suggested that transmission of CMV to the fetus occurs via the EVT cells (29) . The combined inhibitory effect of both CEACAM1 and the putative unknown CMV-induced ligand might therefore be advantageous to the virus in vivo, enabling efficient inhibition. In addition, the increased CEACAM1 expression on the decidual lymphocytes might further diminish the local immune response, enabling the virus to avoid clearance. CMV exists in equilibrium with the immune system of the normal host and developed mechanisms to counteract or evade immune surveillance. These mechanisms include, for example, the downregulation of class I MHC proteins to avoid CTL recognition (32) , and the concomitant upregulation of the class I homologue UL18 to avoid NK-mediated elimination (33) . The CMV also induces the expression of the nonclassical HLA-E protein via the leader peptide derivative of the UL40 protein (34) . On the other hand, NK cells are known to play an important role in controlling CMV infection. Patients with defective NK cells commonly suffer from herpesvirus infections (35) . It was reported that the class I MHC-related MIC proteins are induced following CMV infection (36) . These MIC proteins are recognized by the activating NKG2D-complex receptors, present on NK cells and other immune cells (36) . CMV uses the UL16 protein to mask MICB and ULBP recognition by the activating NKG2D (37) . The expression of a putative CMV-induced ligand for CEACAM1 protein might be considered as yet another mechanism developed by the virus to avoid recognition primarily by activated decidual lymphocytes.
